Introduction
Thrombin is a coagulation system protease and platelet aggregating substance that would be expected to be present at sites of vascular injury. Thrombin is also a potent endothelial cell (EC) agonist, and its activation of early and late events in these cells has been under investigation for many years (1) (2) (3) (4) (5) (6) (7) . Thrombin causes the induction of multiple genes in ECs and other cells; however, the molecular mechanism underlying thrombin-induced gene expression in ECs, or in any other cell type, remains poorly understood. Others had earlier demonstrated the induction of the PDGF B-chain gene by thrombin (8) (9) (10) (11) , and we identified a 9-bp element in the PDGF B-chain promoter that was responsible for thrombin-induced transcription of this gene (12) . This element was conserved in the PDGF B-chain promoters of multiple species and was also found in many other thrombin-inducible genes, such as tissue factor and the PDGF A chain. We also identified a thrombin-dependent nuclear protein, thrombin-inducible nuclear factor (TINF), which specifically bound an oligonucleotide corresponding to the sequence of the thrombin-response element (ThRE). TINF was found to be constitutively present in the EC cytoplasm in a non-DNA-binding form, but it became activated (bound an oligonucleotide corresponding to the ThRE) and translocated to the nucleus in response to thrombin (12) .
Here we report that TINF belongs to the Y-box protein family. Y-box proteins, which are highly conserved from Escherichia coli through humans, are DNA-binding proteins that participate in both the regulation of transcription and of translation. As regulators of transcription they act as both suppressors and enhancers (13) . Several genes have Y-box sequences in their promoter regions and are thought to be regulated by Y-box proteins (MHC class II, MDR1, Rous sarcoma virus [RSV] genes, to name a few) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . The regulation of MHC class II genes by a Y-box protein has been defined using mutational analysis (29) (30) (31) (32) . To date, Y-box proteins have been shown to be constitutively present in cells and to play a role in the expression of constitutive and induced genes without changes in their nuclear level. No previous reports have described the necessity for activation of a Y-box-binding protein in response to a cellular agonist. Furthermore, Y-box-binding proteins have not been previously implicated in the regulation of transcription by thrombin.
Thrombin stimulates the expression of multiple genes in endothelial cells (ECs), but the trans-acting factors responsible for this induction remain undefined. We have previously described a thrombininducible nuclear factor (TINF), which binds to an element in the PDGF B promoter and is responsible for the thrombin inducibility of this gene. Inactive cytoplasmic TINF is rapidly activated and translocated to nuclei of ECs upon stimulation with thrombin. We have now purified TINF from thrombintreated ECs. Amino acid sequencing revealed it to be a member of the Y-box protein family, and the sole Y-box protein-encoding cDNA we detected in human or bovine ECs corresponded to DNA-binding protein B (dbpB). DbpB translocated to the nucleus after thrombin stimulation of ECs as shown by FACS analysis of nuclei from ECs expressing GFP-dbpB fusion proteins. During thrombin activation, dbpB was found to be cleaved, yielding a 30-kDa NH 2 -terminal fragment that recognized the thrombinresponse element sequence, but not the Y-box consensus sequence. Preincubation of ECs with protein tyrosine phosphatase inhibitors completely blocked dbpB activation by thrombin and blocked induction of endogenous PDGF B-chain mRNA and promoter activation by thrombin. Y-box proteins are known to act constitutively to regulate the expression of several genes. Activation of this class of transcription factors in response to thrombin or any other agonist represents a novel signaling pathway. Stimulation of ECs with thrombin and preparation of extracts for electrophoretic mobility shift assays. Human umbilical vein ECs and bovine aortic ECs were isolated and grown as described previously (12) . Confluent cells were washed twice with media without FBS in the case of bovine EC or with media containing 1% FBS in the case of human ECs. ECs were treated with thrombin (3-10 U/mL) for 2 hours at 37°C. At the end of the incubation and before cell lysis, a 100× molar excess of the thrombin inhibitor PPACK was added for 10 minutes at 37°C to inactivate thrombin bound to the cell surface. Cells were washed twice with ice-cold PBS, and then cytosolic and nuclear extracts were prepared as described by Dignam et al. (33) .
Electrophoretic mobility shift assay (EMSA) with 8% acrylamide gels was performed as we have described previously (12) . Probes represented wild-type or mutated ThREs of the PDGF B-chain promoter (12) . The ThRE sequence ctCCACCCACC was changed as follows: CTGATTGGCCAA (Y-box consensus); ctAAATGCACC (4-base mutant); ctAAGTTTGAAG (9-base mutant).
Purification of TINF (DNA binding protein B)
. Cytosolic extracts of thrombin-treated bovine aortic ECs (∼10 8 cells) were prepared as already described here. The extract was heat treated (60°C for 2 hours), centrifuged at 21,000 g in a Micromax centrifuge (International Equipment Co., Needham Heights, Massachusetts, USA) for 15 minutes at room temperature, and applied to Q-Sepharose (2 mL) in 0.1 M salt. The gel was gently mixed with 1 mL extract and 1 mL glycerol for 1 hour at 4°C. Fractions were eluted in a stepwise manner with 4 mL of 0.2, 0.3, 0.4, and 0.5 M KCl and 10 mM Tris (pH 7.5) with 25% glycerol by mixing at 4°C for 30 minutes. TINF eluted at 0.2-0.3 M KCl. Each salt fraction was concentrated 400-fold and desalted by Centriprep and Microcon ultrafiltration (Amicon, Beverly, Massachusetts, USA) with a 10,000 molecular weight cutoff. Fractions were assayed for TINF activity by EMSA. The anion exchange chromatography step resulted in a 15-fold purification and an approximately 40% recovery. The active fraction was concentrated and subjected to SDS-PAGE (15%). To identify the location of TINF, 2 mm (width) × 1 mm (height) gel slices were cut from the edge of the lane. TINF was eluted from a fraction of each gel slice by mixing for 1 hour at room temperature in 25 µL gel elution buffer (1% Triton X-100, 20 mM HEPES [pH 7.6], 1 mM EDTA, 100 mM NaCl, 2 mM DTT, 0.1 mM PMSF, and 1 mg/mL aprotinin) and subjected to EMSA analysis to identify the slice containing TINF. The remainder of the gel slice containing TINF was refractionated on SDS-PAGE, and the band with TINF activity was subjected to tryptic digestion and amino acid sequencing. Near homogeneous TINF with a molecular size of approximately 30 kDa was obtained with greater than 75% recovery. Sequence analysis was performed at the Harvard Microchemistry Facility by tandem mass spectrometry (MS/MS) on a Finnigan LCQ Quadrupole Ion Trap Mass Spectrometer (ThermoQuest, San Jose, California, USA).
mRNA isolation and 5′/3′-rapid amplification of complementary ends. mRNA was isolated using oligo(dT) affinity purification (mRNA isolation kit from Boehringer Mannheim). 5′/3′-rapid amplification of complementary ends (5′/3′-RACE) with mRNA from human and bovine ECs was performed using a kit from Boehringer Mannheim. Three specific primers were designed for 5′-RACE, all of them corresponding to the conserved region of the known Y-box proteins (no. 1, used for the RT reaction, 5′-GGTAGTTCTGCTGGTAATTGCG-3′; nos. 2 and 3 used for PCR amplification of RT reaction products, 5′-GCGACGTGGATAGCGTCTGTAATGGT-3′ and 5′-GATATCGGTCTGC-TGCGTATTTACTGC-3′). For 3′ RACE, two specific primers were used: no. 4, 5′-CCTAAACCACAAGATGGCAAAGAGAGAC-3′ and no. 5,
Northern blotting. Human ECs were grown to confluence, washed twice with medium containing 1% FBS, and incubated with the indicated reagents for 6 hours at 37°C. Medium was then aspirated, the cells were washed with PBS, and total RNA was extracted with Trizol reagent. RNA was separated by electrophoresis on a formaldehyde denaturing gel, transferred to Nytran membrane by capillary transfer, and hybridized with [ 32 P]dCTP-labeled cDNA probes for human PDGF B-chain (2.9 kb) cDNA or GAPDH cDNA. Autoradiograms were quantitated by computerized densitometry.
Analysis of dbpB. A nearly full-length human dbpB cDNA was obtained by RT-PCR using the published sequence and mRNA isolated from human ECs as the template. A 120-bp oligonucleotide corresponding to the 5′ terminus was synthesized (Midland Certified Reagent Co., Midland, Texas, USA) and ligated to the PCR product using the Bgl1 site of dbpB. The fulllength dbpB cDNA was ligated into the pcDNA3 vector. Truncated dbpB was produced using PCR by introduction of a stop codon after 207 amino acids. The pcDNA3 vector without insert was used as a control. In vitro transcription and translation of dbpB were performed using the TNT T7 Quick Coupled Transcription/Translation System from Promega Corp. according to the manufacturer's instructions. Antibody against a COOH-terminal peptide of dbpB was prepared by Biosynthesis Inc. (Lewisville, Texas, USA). The antigen was identical to the peptide used by Shen et al. (34) to produce a dbpB-specific antibody. For ultraviolet cross-linking of dbpB, 32 P-labeled oligonucleotide probe was added to a lysate or in vitro translation mixture, and the sample was irradiated at 254 nm for 45 minutes. After irradiation, the sample was subjected to SDS-PAGE (8-12% gels).
Immunoprecipitation and Western blotting of dbpB. The dbpB was immunoprecipitated from extracts (100 µL), prepared as already described here, by incubating with constant mixing at 4°C for 2 hours with either antiserum or preimmune serum (10 µL) and buffer (37 µL of 50 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM EDTA, 2.5 mM MgCl 2 , and 1% NP-40). Immobilized Protein A/G (50 µL; Pierce Chemical Co.) was added to the mixture and incubated for 2 hours at 4°C. After centrifugation for 5 minutes at 12,000 g, the supernatant was discarded, and the gel was washed three times with buffer and once with PBS. The dbpB was eluted by heat treatment at 60°C for 30 minutes in 50 µL PBS. The eluate was subjected to SDS-PAGE. In the case of Western blotting, EC extracts (75 µL) or in vitro translation mixture were subjected to 10% SDS-PAGE and then transferred to a PVDF membrane (Immobilon-P; Millipore Corp., Bedford, Massachusetts, USA). The membrane was treated with anti-dbpB COOH-terminus antiserum followed by a chemiluminescence detection method using an Immune-Star kit (Bio-Rad Laboratories Inc., Hercules, California, USA).
Transfection of bovine aortic ECs and luciferase activity assays. Bovine ECs were grown to 95% confluence in sixwell plates, washed with Optimem medium (Life Technologies Inc.) and transfected using Lipofectin (Life Technologies Inc.) with DNA (1 µg). Luciferase was under the control of a 400-bp promoter fragment of the PDGF B-chain gene in pGL3-Basic Vector (Promega Corp.). The pSV-β-galactosidase control vector (Promega Corp.) was cotransfected with the luciferase construct to correct for transfection efficiency and the specificity of various inhibitors. After a 6-hour transfection, ECs were washed with Optimem medium and incubated with appropriate reagents. Lysates for luciferase and β-galactosidase assays were prepared after 15 hours. β-Galactosidase levels were found to be constant and not affected by inhibitors. The luciferase assay was performed according to the kit's instructions. All treatment groups were in triplicate, and all experiments were repeated at least three times.
FACS analysis of nuclei from EC expressing green fluorescent protein-dbpB fusion protein.
Full-length dbpB and truncated dbpB cDNA were cloned into the EGFP-C3 vector from CLONTECH Laboratories Inc. (Palo Alto, California, USA), and bovine ECs were transiently transfected with the constructs as already described here. The cells were stimulated for 2 hours with 10 U/mL thrombin 36 hours after transfection, washed with PBS, and lysed by incubation in hypotonic buffer containing protease inhibitors followed by trituration using a no. 26 needle. Nuclei were pelleted at 1,000 g, washed three times with PBS, and analyzed by FACS (Becton Dickinson and Co.).
Detection of GFP-dbpB fusion protein localization by fluorescent microscopy. Bovine ECs were grown on fibronectin-coated glass slides, transfected with GFPdbpB constructs as already described here, fixed in 4% paraformaldehyde 36 hours after transfection, permeabilized with 0.3% Triton-X, treated with RNase A, washed, and mounted in mounting medium. Nuclei were stained with propidium iodide.
Results
Identification of TINF as dbpB. TINF was purified to near homogeneity as just described here. An attempt at NH 2 -terminal sequencing yielded the finding of a blocked terminus. TINF was then subjected to tryptic digestion, and several HPLC-purified peaks were sequenced by tandem mass spectrometry. Four peptide sequences were obtained (no. 1: NDTKEDVFVHQ-TAIK; no. 2: NGYGFINR; no. 3: GETVEFDVVEGEK; and no. 4: EDVFVHQTAIK), revealing that this region of TINF had complete homology to multiple members of the Y-box-binding protein family. These proteins are highly conserved from E. coli to human, with individual members of the family differing only in short NH 2 -terminal and COOH-terminal regions, which have been implicated in DNA and RNA sequence recognition.
To determine whether multiple Y-box-binding proteins were expressed in cultured ECs, we isolated mRNA from human umbilical vein and bovine aortic ECs and performed 5′-and 3′-RACE analysis. The 3′-RACE analysis of human EC mRNA, using specific primers corresponding to sequences within the highly conserved domain (essentially identical in all Y-box-binding proteins), yielded as a sole product the complete 3′-terminal sequence of dbpB. The 5′-RACE resulted in the par-tial 5′-terminal sequence of the same mRNA, namely, dbpB. Multiple 5′-and 3′-RACE analyses with cloning and sequencing of many cDNAs yielded the finding of no additional Y-box-binding protein cDNAs expressed by either human or bovine ECs. In bovine ECs, a homologue of human dbpB distinct from the only reported bovine Y-box protein EF1A was detected.
Translocation of dbpB to the EC nucleus after thrombin stimulation. The fusion protein GFP-dbpB transiently expressed in bovine ECs was retained in the cytoplasm (Figure 1a ). After stimulation with thrombin, a portion of the fusion protein in the ECs was translocated to the nuclei (Figure 1b) . To quantify this observation, we performed FACS analysis of nuclei isolated from nonstimulated and thrombin-stimulated ECs. Both the number of GFP-containing nuclei and the mean intensity of fluorescence per nucleus increased more than threefold in response to thrombin stimulation (Figure 1c) .
Proteolytic cleavage of dbpB during the activation. It has been reported that the apparent size of dbpB and other Y-box proteins in SDS-PAGE is 46-56 kDa (34) (35) (36) (37) (38) (39) (40) . The predicted size from the cDNA sequence is 35 kDa with the difference in sizes explained by possible posttranslational modification of dbpB or an unusual charge distribution in the protein (34) . We transcribed and translated dbpB in vitro, and the 35 S-labeled dbpB that was produced exhibited an apparent molecular size of approximately 48-49 kDa in SDS-PAGE (Figure 2a) . The active DNA-binding form of dbpB that we purified from thrombin-treated ECs had a molecular size of approximately 30 kDa by SDS-PAGE. Antibody made against the 15 COOH-terminal amino acids of dbpB recognized approximately 48-to 49-kDa dbpB in cell lysates (Figure 2b ) as well as in vitro-translated dbpB (data not shown); however, it did not recognize the 30-kDa active (DNA-binding) form of dbpB. These results suggested that the active form was shorter than non-DNA-binding dbpB, possibly as the result of proteolytic cleavage of the COOH-terminus of dbpB during the intracellular activation process. This possibility was supported by the fact that some extracts from thrombin-treated ECs, but never control extracts, contained an approximately 18-to 19-kDa peptide that was recognized by the dbpB antibody (Figure 2b ). The sum of the sizes of this peptide and activated dbpB (30 kDa) approximated the size of full-length dbpB (48-49 kDa). The 18-kDa fragment generated during the activation of dbpB is apparently unstable in the cell or in the process of extract preparation because it is not always detected in spite of a "cocktail" of protease inhibitors.
We used in vitro transcription/translation to prepare a truncated dbpB of approximately 30 kDa in SDS-PAGE (Figure 2a) . The truncation was made by introducing a stop codon after 207 amino acids. Others had previously shown that the corresponding truncation in the YB-1 protein resulted in its localization to the nucleus versus the full-length protein that remained principally in the cytoplasm (41) . Similarly, when we expressed in bovine ECs a fusion protein of GFP and truncated dbpB, it localized to the nucleus unlike fulllength dbpB (Figure 1a , and data not shown). We examined the DNA-binding properties of truncated dbpB translated in vitro and compared them to activated dbpB in extracts from thrombin-stimulated ECs. The truncated dbpB bound to an oligonucleotide corresponding to the ThRE of the PDGF B-chain promoter, and it exhibited an electrophoretic mobility very similar to thrombin-activated dbpB purified from ECs both in SDS-PAGE after ultraviolet cross-linking (Figure 3a ) and in EMSA (Figure 3b) .
The appearance of the short dbpB form in the lysates from thrombin-stimulated ECs was not due to thrombin cleavage of this protein during lysate preparation. In all experiments, a large excess of thrombin inhibitor was added to the cells before lysis, and "zero time" controls yielded no active dbpB. Second, we did not detect short dbpB after incubation of cytosolic lysates from control ECs with nonlysed ECs that had been stimulated with thrombin.
To find other EC agonists capable of activating dbpB, we tested a series of agents known to activate some of the same intracellular signaling pathways as thrombin. Stimulation of ECs with a stable analog of thromboxane A 2 U46,601 (10 µM and 100 µM), platelet-activating factor (100 nM and 10 µM), histamine (10 µM and 100 µM), TNF-α (10 ng/mL), IL-1 (20 ng/mL), TGF-β (25 ng/mL), bFGF (10 ng/mL), EGF (20 ng/mL), or IFN-γ (100 ng/mL) did not activate dbpB in ECs (data
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not shown).
Other serine proteases were also tested for their ability to activate dbpB in ECs. Cells were incubated with trypsin (0.05-5 U/mL), cathepsin G (0.01 U/mL), factor Xa (0.2-11 U/mL), and plasmin (0.1 U/mL), followed by cytosolic extract preparation and EMSA with the ThRE oligonucleotide. None of these proteases activated dbpB in ECs (data not shown).
DNA-binding specificity of truncated dbpB. Both in vitro-translated truncated dbpB and thrombin-activated dbpB in cytosolic and nuclear extracts of ECs failed to form a complex with a Y-box consensus sequence oligonucleotide (inverted CCAT box) in EMSA ( Figure 4, a and b) . The same Y-box consensus probe was recognized by the full-length dbpB present constitutively in nuclear extracts, and this complex was supershifted by anti-dbpB antiserum (Figure 4b) .
Protein tyrosine dephosphorylation in the activation of dbpB. Alkaline phosphatase nonspecifically dephosphorylates proteins, cleaving phosphates from both tyrosine residues and serine/threonine residues. When cytosolic extracts prepared from nonstimulated human or bovine ECs were incubated with alkaline phosphatase (20 U/mL) for 30 minutes at 37°C, a new DNA-binding activity was detected by EMSA. The protein that was revealed by incubation with alkaline phosphatase exhibited the same electrophoretic mobility and DNAbinding properties as activated dbpB (data not shown).
To test further whether phosphatase activity was involved in activation of dbpB by thrombin, we used inhibitors of alkaline phosphatase, protein serine/threonine phosphatase, and protein tyrosine phosphatase (PTP) activities. Pretreatment of human or bovine ECs with two inhibitors of alkaline phosphatase, levamizole and tetramisole, did not prevent activation of dbpB by thrombin (data not shown). The serine/threonine phosphatase inhibitors okadaic acid (10 µM for 2 hours) (data not shown) and sodium fluoride (500 µM for 1 hour) (Figure 5a ) also failed to prevent the activation of dbpB. Two well-documented, chemically distinct inhibitors of PTP activity were used to pretreat ECs before stimulation with thrombin: sodium vanadate (50-500 µM for 30 minutes) and phenylarsine oxide (PAO; 1-50 µM for 45 minutes). Neither agent was cytotoxic nor decreased thrombin activity significantly. Both inhibitors completely prevented the activation of dbpB as shown by EMSA (Figure 5a Western blot of cytosolic extracts of human ECs using an antibody directed to the COOH-terminus of dbpB. In the absence of stimulation, a 49-kDa protein was detected. Stimulation of ECs with thrombin (10 U/mL for 2 hours) resulted in the appearance of a new band of approximately 19 kDa, presumably the COOH-terminus of dbpB cleaved during the process of activation.
Figure 3
Comparison of truncated dbpB to TINF. A truncated dbpB cDNA was prepared by introducing a stop codon following position 621 and subcloning into the pcDNA3 vector. The truncated dbpB cDNA was transcribed and translated in vitro and subjected to SDS-PAGE (8% gel) following cross-linking to the DNA probe (a) and EMSA (b). (The ThRE oligonucleotide was used as a probe in both assays). pcDNA3, empty pcDNA3 vector used as a control for the in vitro transcription and translation reaction; truncated dbpB, truncated dbpB cDNA in pcDNA3 vector used for an in vitro translation reaction; contro, extract from nonstimulated ECs; thrombin, extract from thrombin-stimulated ECs (10 U/mL for 2 hours).
Discussion
The role of thrombin as an inducer of gene expression in ECs and other cell types has been well documented by multiple investigators during the past decade. Though much has been learned during this time about the cell-surface receptors and the early signal transduction mediators responsible for thrombin's action on cells, thrombin-induced nuclear events remain poorly defined. We have previously extended the observation of others that the PDGF B-chain gene is induced by thrombin (8-11) by identifying both a 9-bp ThRE in the PDGF B-chain promoter, as well as a TINF that binds this element (12) . Mutations in as few as four bases in this region led to the loss of both the DNA binding of TINF and thrombin-induced transcription driven by the PDGF B promoter. Purification and amino acid sequencing now show that this thrombin-induced protein belongs to the Y-box protein family, which is the most evolutionary conserved family of DNA binding proteins known. Y-box proteins have a highly conserved nucleic acid binding domain (almost identical to the cold shock domain in bacterial Ybox-binding proteins) and short variable NH 2 -terminal and COOH-terminal domains, which are thought to participate in DNA sequence recognition. The 5′/3′-RACE revealed TINF in human ECs to be dbpB and, in bovine ECs, to be a bovine analog of dbpB, distinct from EF1A, a bovine Y-box protein reported previously (42) . DbpB has been shown to play a role in the expression of the major histocompatibility I-A β gene (20, 43) , as well as GM-CSF (21) .
The predicted size based on the DNA sequence for dbpB is about 35 kDa. However, several groups of investigators have observed that this protein, as well as other Y-box proteins, migrate in SDS-PAGE with an apparent size of 46-50 kDa (34) (35) (36) (37) (38) (39) (40) . The difference in the predicted and apparent sizes has been postulated to be the result of posttranslational modification or an unusual charge distribution in Y-box proteins (34) . We have transcribed and translated dbpB in vitro, and the apparent size of the protein in SDS-PAGE is 48-49 kDa. Given that proteins are not posttranslationally modified in the in vitro transcription-translation system, the difference in the predicted and apparent sizes must be attributed to the structure of dbpB.
Active dbpB in extracts from thrombin-treated ECs has a size of 30 kDa by SDS-PAGE. We believe that the difference in size between inactive and thrombin-activated dbpB is the result of a proteolytic cleavage that occurs during activation. Our results with an antibody directed against the COOH-terminus of dbpB supports this model; the antibody recognizes only the inactive 48-to 49-kDa form of the protein and fails to recognize the active short form, suggesting that the COOH-terminal portion of dbpB is cleaved during activation. Furthermore, an 18-to 19-kDa unstable peptide recognized by the antibody against the COOH terminus of dbpB can often be detected in extracts from thrombin-stimulated ECs. The COOH-terminal portion of another Y-box family member, YB-1, has been shown to contain a cytoplasmic-retention domain (41) . When a full-length YB-1 cDNA was transfected into cells, its product was found principally in the cytoplasm; whereas, when a truncated form of YB-1 was expressed in the same cells, the product was rapidly translocated to the nucleus. We observed the same cellular distribution for dbpB and its truncated form.
Truncated dbpB coexpressed in bovine ECs with a PDGF B-chain promoter-luciferase construct did not significantly increase transcriptional activity, either alone or in the presence of a low concentration of thrombin (data not shown). There are at least two explanations for this negative result. The first is that activated dbpB binds DNA but requires an additional thrombin-induced nuclear factor to induce transcription. There are many such examples in the literature in which two, or even three, transcription factors must be expressed in combination in order to stimulate transcriptional activity. Thus, activated dbpB may be nec-
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Figure 4
DNA-binding properties of thrombin-activated dbpB. A truncated dbpB cDNA corresponding in size to the thrombin-activated dbpB from EC extracts was transcribed and translated in vitro, and the reaction mixture was used for EMSA with the ThRE, a Y-box singlestranded, or a Y-box double-stranded consensus oligonucleotide as the probe (a). As a control, the empty pcDNA3 vector was used in a similar reaction. Cytosolic extracts were prepared from untreated and thrombin-stimulated ECs as described. EMSA was performed using the ThRE or consensus Y-box sequence oligonucleotide as a probe (b). The same Y-box consensus probe was used to detect fulllength dbpB in nuclear extracts of ECs, and the complex was supershifted with anti-dbpB antibody. Control, in vitro transcription and translation reaction performed with an empty pcDNA3 vector (a) or cytosolic and nuclear extracts from untreated ECs (b); truncated dbpB, truncated (207-amino acid) dbpB transcribed and translated in vitro; thrombin, extract from EC stimulated with thrombin (10 U/m for 2 hours); control + Ab, nuclear extract from untreated ECs preincubated with antiserum against the COOH-terminus of fulllength dbpB before the binding reaction with the radiolabeled Y-box consensus probe; ThRE, ThRE probe used in EMSA; Y-box SS, sense single-stranded Y-box consensus probe used in EMSA; Y-box DS, double-stranded Y-box consensus probe used; cytosolic, cytosolic extract; nuclear, nuclear extract.
vated dbpB, which does not recognize the consensus Ybox sequence, but binds to the ThRE in the PDGF B-chain promoter. The DNA-binding specificity of dbpB suggests that expression of other genes that do not have a classical Y-box sequence may also be regulated by this Y-box protein.
Cytosolic thrombin-activated dbpB binds singlestranded DNA, which is consistent with the action of other Y-box proteins (21, 22, 38) . Many promoters have single-stranded DNA regions that are thought to be important in the regulation of gene expression (for review, see ref. 46) . A single-stranded region has been wellcharacterized in the PDGF A-chain promoter (47, 48) .
In our attempt to find intracellular pathways activated by thrombin that lead to the activation of dbpB, we discovered that PTP activity appears to be required. Thrombin is known to activate phosphatases in platelets, and this activity is implicated in platelet aggregation (49) (50) (51) . Activation of PTPs by thrombin is implicated in microvesicle formation by platelets (52) and in thrombin-induced fibroblast proliferation. The PTP SHP2 is positively linked to one of the protease-activated receptors, PAR-2 (53), and has a positive regulatory role in the IL-2 signaling cascade (54) . PTP activity has been implicated in transcriptional regulation, including participation in the regulation of NF-κB activation in ECs (55) . In preliminary experiments, we were unable to detect tyrosine phosphorylation of full-length dbpB, suggesting that a signaling mediator in the pathway to dbpB activation is the substrate of PTP.
We have demonstrated the thrombin-specific activation of a Y-box protein dbpB, which recognizes a nucleotide sequence corresponding to the ThRE in the PDGF B-chain promoter. This activation appears to be mediated via a pathway involving a PTP and an intracellular protease and does not require de novo protein synthesis. This pathway would allow a rapid cellular response to thrombin by activating a constitutive protein dbpB present in the cytoplasm of ECs, causing it to enter the nucleus and modulate target gene expression.
essary, but not sufficient, for thrombin induction of the PDGF B-chain transcription. A second possible explanation is that the short form of dbpB that we have used in our studies is not the true length of in vivo activated dbpB. The exact cleavage site is unknown because purified, activated dbpB is NH2-terminally blocked. The short dbpB that we originally used was chosen because it was approximately the correct size in SDS-PAGE and it bound the thrombin-response oligonucleotide; however, the region around this putative cleavage site is rich in charged and aromatic amino acids, the presence or absence of which may cause dramatic changes in truncated dbpB properties (e.g., translocation to the nucleus, DNA-binding activity, electrophoretic mobility). We are currently testing other expression vectors containing truncated forms of dbpB, but none to date has induced PDGF B-chain promoter activity.
Y-box proteins have been reported to function as repressors of gene expression (20, 21) and as positive regulators of constitutive transcription (22, 30) . However, to our knowledge, these proteins have not been previously shown to be activated by extracellular stimuli to promote the induced expression of genes. The Ybox consists of an inverted CCAAT box sequence that was first identified as a regulatory sequence in the promoters of MHC class II genes. The consensus Y box element was defined by mutational analysis (29) (30) (31) (32) . Although the conserved cold shock domain was thought to provide the binding to DNA, more recent studies have shown that not all members of the Y-box protein family bind this Y-box consensus sequence. A Y-box-binding protein NF-GMb is a GM-CSF promoter repressor that binds to two repeats of 5′-CCTG-3′ (21) . Another Y-box binding protein binds an IFNresponse element (44) . The Y-box protein RSV-EF-1 does not bind the consensus Y-box-binding sequence, but rather recognizes several distinct sequences in the RSV promoter with highest affinity for the sequence AAGGTGG (45) . RSV-EF-1 is therefore similar to acti-
Figure 5
Effect of tyrosine phosphatase inhibitors on activation of dbpB and PDGF B-chain transcription. (a) Effect of sodium vanadate (Na 3 VO 4 ) and sodium fluoride (NaF) on dbpB activation by thrombin. ECs were pretreated with Na 3 VO 4 or NaF (400 µM for 30 minutes) and then stimulated with thrombin (10 U/mL for 2 hours). EMSA was performed as described in Methods. Control, extract from untreated EC; Thr, extract from EC stimulated with thrombin. (b) Effect of sodium vanadate (Na 3 VO 4 ) and phenyl arsine oxide (PAO) on thrombin-induced PDGF B-chain mRNA in ECs. ECs were pretreated with Na 3 VO 4 or PAO and then stimulated with thrombin (10 U/mL for 6 hours). Total RNA was extracted using Trizol reagent and Northern hybridization was performed using either the PDGF B-chain or GAPDH cDNAs as probe. (c) Effect of PTP inhibitors on thrombin-induced transcription driven by the PDGF B-chain promoter. Bovine ECs were transiently transfected (as described in Methods) with a luciferase reporter gene under the control of a 400-bp PDGF B-chain promoter fragment in pGL3-Basic vector (Promega Corp.). Pretreatment (30 minutes) with PTP inhibitors (400 µM Na 3 VO 4, or 200 nM PAO) was initiated after a 6-hour transfection incubation. Lysates were prepared after a 15-hour incubation with thrombin (10 U/mL). Luciferase activity was normalized to β-galactosidase activity derived from cotransfected pSV β-galactosidase cDNA.
